Patterns Of Glucose Catabolism During Differentiation Of Fetal Rat Epidermis  by Freinkel, Ruth K. & Traczyk, Thomas N.
THE JOURNAL O.INVESTIGATIVE DERMATOLOGY, 67:577-581, 1976 
Copyright © 1976 by The Williams & Wilkins Co. 
Vol. 67, No.5, Part 1 of 2 parts 
Printed in U.SA. 
PA'ITERNS OF GLUCOSE CATABOLISM DURING DIFFERENTIATION OF 
FETAL RAT EPIDERMIS 
RUTH K. FREINKEL, M.D., AND THOMAS N. TRACZYK., B.A. 
Department of Dermatology, Northwestern University Medical School, Chicago, Illinois, U. S. A. 
Glucose metabolism has been investigated during differentiation of fetal rat skin to 
evaluate shifting patterns in the catabolism of this major exogenous substrate in relation to 
changing requirements during epidermal maturation. Glucose utilization and aerobic 
glycolysis declined while oxidative metabolism increased in whole skin as stratification and 
cornification progressed. Activity of the hexose monophosphate shunt was quantitated in 
isolated epidermis for the first time. The relative activity of this pathway diminished 
somewhat from 20% to 12% of utilized glucose as the granular layer and stratum corneum 
developed. The results are consistent with (a) enhanced utilization of glucose, aerobic 
glycolysis, and hexose monophosphate activity in rapidly proliferating epidermis, and (b) 
flexibility of glucose catabolism in response to cellular requirements at different stages of 
differentiation. 
Although both endogenous lipids and carbohy-
drates serve as fuels for epidermal metabolic activ-
ities, the role of glucose as the major exogenous 
substrate seems well established since the sugges-
tion, in 1960, that much of the energy required by 
skin may be derived from aerobic glycolysis [1]. As 
pointed out in a recent exhaustive review [2], a 
major alternative pathway for glucose catabolism 
in skin appears to be the hexose monophosphate 
shunt (HMP), and its activity seems to fluctuate 
with metabolic requirements of tissue. Thus, 
enzymes of the HMP pathway are increased in ra-
pidly growing psoriatic epidermis [3], and estima-
tions of HMP activit v have shown increases in 
growing hair follicles (4) and in regenerating skin 
after wounding [5]. Such association of stimulated 
cell growth with increased HMP activity has been 
demonstrated in other tissues [6,7] and has been 
inferred from changes in production of CO. from 
differentially labeled glucose in preputial glands 
stimulated by testosterone [8]. 
It is generally accepted that the HMP pathway 
generates NADPH which is required for lipogenesis 
and other synthetic processes and that it provides a 
source of ribose for nucleotide synthesis. However, 
a recent report suggests that the HMP pathway in 
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guinea-pig skin plays no major role in generation of 
reducing equivalents for lipogenesis but may be 
important during growth of epidermis [9). None of 
the previous work has quantitated the activity of 
the HMP pathway in epidermis per se since all 
previous studies were conducted with skin includ-
ing upper or full-thickness dermis with cutaneous 
appendages. 
The present studies were undertaken to deter-
mine the extent of HMP activity in epidermis and 
to examine the contribution of the HMP pathway 
to glucose catabolism during the differentiation of 
fetal epidermis as the metabolic activities of the 
tissue shift from rapid growth to the biosynthetic 
activity entailed in keratinization. 
:'!ATERIALS A:\D METHODS 
Tissue. Ventral skin was obtained from fetal rats of the 
Sprague-Dawley strain at 18 and 21 days of gestation and 
neonatal rats 4 days postpartum. 
In vitro incorporation of labeled precursors. Sixty to 
100 mg (wet weight) of whole skin, freed of subcutaneous 
tissue, was cut into 4 x 2 mm strips and incubated in 1 
ml of minimum essential medium (MEM) (Grand Island 
Biological Company). [U-"C ]Glucose, [I· "C ]glucose, or 
[6-"C ]glucose was added at a concentration of lIlCi/ml; 
['H Jthymidine q'H lTdRi was added in a concentration 
of 51lCi/ml (Amersham·Searle Inc.). Experiments assess-
ing either effects of glucose concentration or CO, produc-
tion were conducted in Earle's medium with appropriate 
variat.ion in glucose content. Incubations were conducted 
for 1 hr at 37°C in 5% CO,/95% 0, in a Duhnoff 
metabolic shaker. in vessels dosed with serum caps. 
When "CO, production was assessed, experiments 
were terminated bv addition of 0.2 mIl N KOH to a small 
plastic cup containing filter paper suspended from the 
cap of the incubation vial, and 0.1 ml 5 N H,SO, was 
added to the medium; CO, was allowed to evolve at room 
temperature. 
Epidermis was separated from the dermis after the 
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whole skin was immersed in distilled water at 50°C for 90 
sec after incubation. 
Analytical procedures. Tissues (epidermis, dermis, or 
whole skin) were homogenized in cold water. Aliquots 
were processed and DNA analyses performed 88 previ-
ously described [10 l. Aliquots were extracted with 20 
volumes of chloroform:methanol (2:1) for estimation of 
lipids. Total lipids were extracted by the method of Folch 
et al [11] with 2 washes of Folch upper phase. Lipid 
extracts were dried and saponified in 15% KOH in 50% 
ethanol for 12 hr at BO°C. Fatty acids were extracted with 
hexane after prior extraction of nonsaponifiable lipids 
and acidification of the aqueous phase. Aliquots of total 
lipids and fatty acids were counted in a liquid scintilla-
tion spectrometer in Aquasol (New England Nuclear 
Corporation). Incorporation of ['HlTdR was assessed in 
aliquots of tissue homogenates precipitated with 10 
volumes of 10% trichloroacetic acid and processed for 
counting as previously described [10]. [UC Jlactic acid 
and [He ]glucose were assessed in aliquots of media 
before and after incubation by paper chromatography 
in 2-propanol:pyridine:acetic acid:water (8:8:1:4). Spots 
conforming to authentic markers were cut out and 
counted directly in Aquaso!. HCO, was assessed by 
dropping the plastic cups containing KOH and filter 
paper directly into Aquaso!. All counts were corrected for 
quenching by the channel ratios method to provide 
comparable estimates in all parameters. Counts were 
expressed as disintegrations per minute (dpm). 
RESULTS 
The three time points were chosen to represent 
progressive stages of differentiation of epidermis. 
fu; described previously [10 I, at 18 days of gesta-
tion mitotic activity is at a high point, stratum 
corneum is absent, and the granular layer is 
represented by 1 or 2 layers of cells containing 
distinctive fetal keratohyaJine granules; at 21 days 
stratification is complete with a thick granular 
layer, well-developed stratum corneum, and 
appendages developing in the dermis; at 4 days 
postpartum the stratum corneum is thicker and 
more organized, and dermal appendages are well 
developed. 
To assess patterns of carbohydrate metabolism 
in relation to other aspects of epidermal growth 
and development, synthesis of DNA from [aR ]TdR 
was selected as a marker of epidermal growth. 
Preliminary studies showed that incorporation of 
["If ]TdR was linear for 3 hr in vitro_ Uptake, 
expressed as dpm per mg DNA, was highest at day 
18 and then declined sharply (Tab. IL By day 4 
postpartum, incorporation was less than 10% of 
that at 18 days of gestation. The period from 18 
days of gestation to 4 days postpartum is thus 
characterized by rapidly declining replicative ac-
tivity as well as changes in patterns of protein 
synthesis that have been previously described [10 J. 
Metabolism of Glucose in Fetal Skin 
The overall disposition of glucose was estimated 
in whole skin in relation to DN A content. Incuba-
tions were carried out with 50-60 mg of tissue/ml of 
medium for 1 hr during which time less than 50% of 
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TABLE I. incorporation of ['Hlthymidine by fetal 
epidermis 
Whole skin was incubated with 5/lCi ['HlTdR/ml iJ 
MEM. (Sp act ~ 30,000 mCilmmole.l Results represen' 
the mean of 3 experiments ± SEM. 
Day of 
gestation 
18 
21 
4PP 
Uptake of {'11 JTdR 
dpm x IO'/m~ 
DNA ± SEM x 10' 
7053 ± 2100 
3211 ± 394 
680 ± 52 
TABLE II. Disposition of [U-"Clglucose in fetal rat skin 
Whole skin from rats was incubated in Earle's buffer 
with 1 /lCi and 2 mg of [U- "C ]glucose/m!. See text for 
details of analytical procedures. Products of glucose 
metabolism expressed as % of glucose utilized. 
Day of gestation 18 21 4PP 
Glucose utilized L24 0.98 0.62 
(I'moles/mg DNA) 
%a5; 
Lactate 58.1 68.4 39.0 
CO, 12.1 12-2 16.1 
Protein 20.9 16.5 29.3 
Lipid 3.2 2.6 2.9 
available glucose was utilized. Uptake of glucose 
declined by 50% as the tissue became fully differ-
entiated (Tab. m. Production of lactate was 
estimated in the medium and corrected for its 
distribution in interstitial fluids as estimated from 
dry-wet weight ratios of skin. At 18 and 21 days of 
gestation, lactate accounted for 58% and 68% of 
utilized glucose, but by 4 days postpartum only 
39% of utilized glucose was metabolized to lactic 
acid. Production of CO" however, accounted for a 
slightly increased proportion of utilized glucose 
from 12% at days 18 and 21 of gestation to 16% at 4 
days postpartum. Increased utilization of glucose 
for protein synthesis was noted in postpartum skin 
and was found to be due to an increase in dermal 
protein synthesis when epidermis and dermis were 
analyzed separately. Lipogenesis was unchanged. 
The findings suggested that in whole skin, at least, 
there had been a shift in the fractional disposition 
of glucose from aerobic glycolysis to enhanced 
oxidative and biosynthetic functions. 
Activity of the HMP Pathway 
The various methods usually employed to mea-
sure the percentage of utilized glucose that tran-
verses the HMP pathway are based on estimations 
of the relative dispostion of isotopically labeled 
carbons of glucose, i.e_, carbon 1 (C-l) and carbon 
6 (C-6). Such assays include (1) the relative 
oxidation of C-l and C-6 to CO, via the RMP 
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Jathway versus the glycolytic· Krebs· cycle path. 
vays, (2) production of glycolytic intermediates 
e.g., lactic acid}, and (3) products of glycolysis via 
he Krebs.cycle (e.g., fatty acids). Direct assess· 
nent of HMP pathway activity based on oxidation 
,f glucose to CO, requires harvesting of the CO, 
,roduced in vitro from labeled glucose. Indirect 
ssessment on the basis of lactic acid production 
equires harvesting of tissue and media into which 
actic acid diffuses. Estimation of these parame· 
ers therefore would require in vitro incubations of 
solated viable epidermis. However, recent studies 
.' uggest that metabolic activity in isolated epider· 
mis obtained by enzymatic or chemical treatment 
i:; severely obtunded, making the utilization of such 
tissues for studies of intermediary metabolism of 
questionable validity [10,12]. Therefore, in this 
study HMP pathway activity was estimated by a 
method that relies on products retained in the 
tissue (e.g., fatty acids) which can be assessed in 
epidermis isolated by heat separation after in vitro 
incubations of whole skin. 
To test the validity of this method, HMP path· 
way activity was estimated in whole skin by three 
different methods employing CO, production and 
fatty acid synthesis from [l·"C ]glucose and 
[6· HC Jglucose. The calculations, derived by Katz 
et al [13 J, are illustrated below. 
Method 1: Specific yields of "CO, (G·l co, or 
G·SC(~) are derived from moles ,.CO, formed/moles 
[HC )glucose utilized. The ratio (G·l cch - G-
SCo,)/(l - G·Sco,) is symbolized by S. HMP 
pathway activity (PC) then ~ (S)/(3 - 28). PC x 
100 ~ % glucose catabolized via the HMP path· 
way. 
Method 2: Production of HC fatty acids from 
[1·"C)glucose (C·I) and [S·"CJglucose (C·S) is 
determined. The ratio of lOC fatty acids: (C·!)/ 
(C·S) is symbolized by I' and PC ~ (1 - 1')/ 
(1 + 21'). 
Method 3. This method combines specific yields 
of ,.CO. and ratios of "C·fatty acid. PC ~ (G·l co,) 
- G·Sco,)/(3 - 21'). 
As demonstrated in Table III, results were simi· 
lar for all three methods at each time point. The 
small differences are within the range of experi. 
mental error. It thus appeared that measurements 
based on "C· fatty acid ratios would provide quan· 
titatively accurate estimations of HMP pathway 
activity. 
Table IV illustrates a typical experiment in 
which ratios of "C·fatty acids were obtained in 
both epidermis and dermis after incubation of 
whole skin in [l·"C )glucose or [6· lfC )glucose. 
Fatty acid synthesis was greater at all points in the 
epidermis. HMP pathway activity calculated by 
method 2 was also greater in epidermis than 
dermis at all times and was entirely absent in 
dermis at 18 days of gestation prior to development 
of dermal appendages. 
The experiments illustrated in Tables III and IV 
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TABLE m. Estimations of hexose monophosphate shunt 
by different methods 
Whole skin was incubated with IIlCi [1· "CJgluoose or 
[6-"Clglucose in Earle's buffer with 2 mg glucose/ml. 
Production of "CO,. "C-fatty acids, and utilization of 
[''C )glucose measured as per text. HMP activity calcu-
lated as noted in text by methods 1, 2, and 3 and ex· 
pressed as percent of glucose utilized. Results represent 
the mean of triplicate vessels. 
Day of gestation 18 21 4PP 
CO, specific yields 
G-lco, 040 _15 .10 
G.6co, .16 .OS .05 
Fatty acid ratios 
C·l/C-S .75 .87 _93 
HMP 
Method 1 11.9 3.5 1.7 
Method 2 ILl 3.5 1.9 
Method 3 10.0 4.7 2.3 
TABLE IV. Hexose monophosphate shunt activity in 
epidermis and dermis 
Whole skin incubated as per text with IIlCi/ml MEM 
of [l.''CJglueose (C·I) or [6·''Clglucose (C·6). Incorpora· 
tion of isotopes into fatty acids represents the mean of 
triplicate vessels. Ratios of ''C.fatty acids from C-1 or 
C·S ~ Cl/CS. HMP activity calculated as described in 
text (method 2). 
Day of 
gestation 
18 
21 
4PP 
TisRue 
Epidermis 
Dermis 
Epidermis 
Dermis 
Epidermis 
Dermis 
I·e-Fatty acids 
\dpmlmg D),; AI 
Col C-6 
45,500 65,200 
22,700 22,400 
87.000 132,000 
2,500 3,000 
49,000 65,000 
8,100 9,500 
C·l/C-6 HMP 
0.70 12.5 
1.01 0 
0.66 14.7 
0.83 6.4 
0.75 10.0 
0.85 5.S 
are representative of several experiments. The 
results in each such experiment were internally 
consistent, but the two Tables illustrate the 
extreme variability of HMP shunt activity espe· 
cially in whole skin. This is due in part to variabil· 
ity in fatty acid synthesis, particularly in prenatal 
skin. The variability is amplified in the C 1/C6 
ratios derived from incorporation of the two iso· 
topes and is further magnified in calculations of 
HMP shunt activity which are sensitive to small 
differences in the ratios. Thus, the method is 
relatively insensitive when activity of the HMP 
shunt is low as it is in epidermis (Tab. V) and 
particularly so when it is under 10% of utilized 
glucose as it is in dermis. The variable content of 
dermal appendages also contributes to the even 
greater variability of HMP shunt activity of whole 
skin. Estimations of HMP activity in epidermis in 
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TABlE V. Disposition of glucose via the hexose mo>wphospiwte shunt in epidermis 
Experiments performed as in Table III. Results for epidermis in 5 experiments expressed as ratios of "C-fatty acid, 
derived from [1- ''Cjglucose and 16-''C)glucose (C-l/C-6) ± SEM. HMP activity calculated by method 2 (see text). 
Day of gestaticn 
C-l/C-6 ± SEM 
Range 
p< 
HMP 
Range 
18 
.57 ± .10 
(.52-.70) 
20.0 
(23.5-12.5) 
ns 
five additional experiments are summarized in 
Table V. The data suggest a decline in mean HMP 
activity of borderline statistical significance (p < 
.05) between day 18 of gestation and day 4 postpar-
tum. 
In view of the diminished utilization of glucose 
during progressive differentiation, we wondered 
whether declining shunt activity could reflect 
decreasing availability of glucose-6-phosphate in 
the tissue. This question was examined by estimat-
ing shunt activity in the presence of varying 
quantities of glucose. 
HMP pathway activity remained relatively con-
stant at concentrations of glucose varying from 0.4 
x 10-' M to 5.8 x ro-' M but was somewhat higher 
at a concentration of 11 x 10-' M (Fig.). Thus, the 
fractional disposition of glucose via the HMP 
pathway d~s not appear to be altered by dimin-
ished availability of the substrate but may be 
accelerated in the presence of concentrations in 
excess of physiologic levels. The data suggest that 
declining HMP pathway activity reflects some 
intrinsic shifts in disposition of available glucose 
by developing tissues, rather than a decrease in the 
availability of extracellular substrate in successive 
layers of epidermis. 
DlSCVSS!O;"\ 
The present studies provide the first quantita-
tive estimation of the magnitude of catabolism of 
glucose via the HMP pathway in isolated epider-
mis and demonstrate changing patterns in glucose 
catabolism during differentiation of fetal skin. 
It is pertinent to consider the present data in 
relation to previous studies of the HMP pathway in 
skin. Presence of the HMP shunt has been demon-
strated repeatedly both by enzymatic assays and 
disposition of differentially labeled glucose carbons 
by skin in vitro. However, there have been few 
studies quantitating the activity of the HMP shunt 
[5,9,14], and all have been performed with prepa-
rations of whole skin. The present studies suggest 
that dermal activity is lower than that of epidermis 
and is probably influenced by the variable pres-
ence of dermal appendages. It should therefore be 
emphasized that inferences regarding the HMP 
21 4 pcstpartum 
.67 ± .06 .71 ± .03 
(.52-.83) (.63-.77) 
I \ 
os 
I 
.05 
14.1 12.0 
(23.5-6.4) (16.3-9.1) 
pathway in relation to other epidermal activities 
(e.g., growth) require consideration of carbohy-
drate metabolism in epidermis undiluted by con-
nective tissue. 
The elegant studies of Katz et al [13] and 
Landau and Katz [15 J have defined the intrinsic 
errors in estimations of HMP pathway and pro-
vided calculations by which these limitations may 
be overcome. Several prior reports of HMP path· 
way activity in skin have been based on calcula-
tions which do not take these limitations into 
account and therefore provide inaccurate estima-
tions [9,14 J. The methods employed for calculating 
activity of the HMP pathway in the present study, 
like in those of 1m and Hoopes [5 J and Adachi and 
Uno [4 j, are the formulations derived by Katz et al. 
All three methods correct for recycling of the 
pentoses produced in the HMP pathway, and 
method 3 does not require complete equilibration 
and isomerization of the trioses of the glycolytic 
sequence. As pointed out by Landau and Katz 
(15), the error introduced by diversion of pentoses 
for nucleic acid synthesis or disposition of glucose 
via pathways other than glycolysis or the HMP 
may be ignored when such alternative disposition 
is small as would seem to be the case for skin.' 
Thus, the fact that HMP pathway activity was 
similar when calculated by all three methods 
suggests that method 2 (fatty acid ratios) provides 
valid estimates in whole skin. The present studies 
rest on the assumption that the method is also 
valid for epidermis; however, since most of the 
fatty acid synthesis of whole skin occurs in epider-
mis, this assumption is not unreasonable. 
In contrast to the findings of Wheatley et al in 
guinea-pig ear [9], we failed to demonstrate differ-
ences in HMP pathway activity estimated by CO, 
production versus fatty acid ratios. The authors 
attributed these differences to different require-
ments of cells in the "growth" or "lipogenic" 
• Eighty-seven to 98% of utilized glucose could be 
accounted for via disposition in glycolytic or oxidative 
pathways (Tab. II) , and diversion of HMP pathway 
intermediates to nucleic acids can be estimated to be 
inconsequential on the basis cf incorporation of ['H j'TdR 
(Tab. n. 
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FIG. Effect of glucose concentration in HMP activity 
assessed in epidennis of rat skin at 21 days of gestation. 
.____ ~ fatty acids labeled from [1- "C ]glucose; 
.--4 ~ fatty acids labeled from [6- '<C Jglucose. 
Standard deviations of the means are noted on the figure. 
HMP activity is denoted in parentheses. 
phases. Indeed, in the present studies, all three 
methods gave similar results both when cell repli-
cation was very active in epidermis (18 days of 
gestation) and when it was more quiescent (4 days 
postpartum). It is possible that the discrepancies 
between our data and those of Wheatley are due to 
the differences in methods of calculation of the 
HMP pathway. 
Finally, the data suggest that HMP pathway 
activity declines as the epidermis differentiates 
and cornifies. Ir. comparison to the marked reduc-
tion in DNA synthesis by day 4 postpartum (lO% of 
that at day 18), the decline in the HMP pathway 
was small (60% of that at day 18). It should be 
noted, however, that these figures represent 
changes in the fractional disposition of utilized 
glucose; the actual flux of glucose through the 
HMP pathway may be lower if the lessened glucose 
utilization of whole skin reflects similar changes in 
epidermis. The reduction in the proportion of 
HMP pathway activity accompanied decreased 
aerobic glycolysis and increased oxidation of glu-
cose to CO, in whole skin. This pattern is similar to 
the lower levels of both HMP pathway activity and 
aerobic glycolysis that have been demonstrated in 
normal versus regenerating guinea-pig skin [5] and 
in resting versus growing hair follicles [4]. 
The shifting patterns of carbohydrate metabo-
lism during differentiation of fetal skin suggest 
that there is (1) enhanced utilization of glucose 
and greater demand for HMP pathway activity 
during the replicative stage of epidermal differen-
tiation, and (2) a considerable degree of flexibility 
in the catabolic disposition of glucose in response 
to cellular requirements at different stages of 
maturation. The present data reflect the sum of 
GLUCOS!! CATABOLISM IN EPIDERMAL DIPPElII!NTiATION 581 
glucose catabolism in cells at various stages of 
maturation in the whole epidermis_ To what extent 
germinative cells and differentiated cells contrib-
ute to the total pattern cannot be assessed. The 
continued activity of HMP pathway when replica-
tive activity is markedly reduced does suggest, 
however, that this pathway plays a sustaining role 
in providing reducing equivalents for biosynthetic 
functions other than those associated with cell 
replication. 
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